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Abstract

A novel bromophenol, n-butyl 2,3-dibromo-4,5-dihydroxybenzyl ether, and
known bromophenols were isolated from Rhodomelaceae algae as glucose 6-phosphate
dehydrogenase (G6PD) inhibitors. Among them, bromophenol dimers showed stronger
inhibitory activity against Leuconostoc mesenteroides and Saccharomyces cerevisiae
G6PDs than the corresponding monomers. The dibenzyl ether-type dimers had lower
ICso values than the diarylmethane-type dimers against L. mesenteroides G6PD among
the bromophenols examined. In contrast, the inhibitory activities of diarylmethane-type
dimers against S. cerevisiae G6PD were stronger than those of dibenzyl ether-type
dimers. Especially,
3-bromo-2-(2,3-dibromo-4,5-dihydroxybenzyl)-4,5-dihydroxybenzyl ~ methyl  ether

selectively inhibited S. cerevisiae G6PD compared to L. mesenteroides G6PD.

Abbreviations

G6PD, glucose 6-phosphate dehydrogenase; DHEA, dehydroepiandrosterone; LmG6PD,
Leuconostoc mesenteroides G6PD; ScG6PD, Saccharomyces cerevisiae G6PD;
1-methoxy PMS, 1-methoxy-5-methylphenazium methylsulfate; ADAW, air-dried algal

weight; RP, reversed phase.



44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

1. Introduction

Glucose 6-phosphate dehydrogenase (G6PD, EC 1.1.1.49) is the first step and
rate-determining enzyme in pentose phosphate pathway. G6PD catalyzes formation of
reduced nicotinamide  adenine  dinucleotide  phosphate = (NADPH) and
6-phosphogluconolactone, a precursor of nucleotides. NADPH is an essential biological
reductant for biosynthesis of fatty acid and cholesterol, reduced glutathione [1].
Lipogenic rate [2] and serum lipoprotein level [3] are decreased in G6PD-deficient
patients. Dehydroepiandrosterone (DHEA), a specific mammalian G6PD inhibitor [4],
leads to body weight loss of mice [5]. These studies suggest that G6PD is a potential
therapeutic target of obesity. G6PD is also an important enzyme for cancer. Various
cancer cells markedly elevate G6PD activity [6-9] because they require huge energy and
nucleotide for their rapid growth. The rats ingested G6PD-overexpressed cells become
carcinoma [10]. In contrast, G6PD-knockdown carcinoma cells show slow growth and
increment of apoptosis [11]. In addition, G6PD inhibitors are possible to have
anti-malarial and anti-trypanocidal activity [12, 13].

Although G6PD inhibitors are expected to possess promising effects, there are
a few reports on G6PD inhibitors such as DHEA and its derivatives [4, 14],
6-aminonicotinamide [15], and catechin gallates [16]. In recent studies, small molecules
were identified to be candidates of G6PD inhibitors [17-19]. Unfortunately, these
compounds required high oral dosage [20] or interacted with proteins nonspecifically
[16-18].

Marine algae produce various bioactive compounds such as terpenoids [21],
polyphenols [22] and halogenated compounds [23-26]. Red algae, particularly

Rhodomelaceae family, are rich sources of bromophenols. Bromophenols show various
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beneficial functions, such as enzyme inhibition [27-35], anti-oxidative [35-37],
anti-inflammatory [38], cell protection [39], anti-tumor [40], anti-diabetic activity [41,
42]. In the present study, we isolated a novel bromophenol 3, along with known
bromophenols 1, 2, 4-11, and investigated inhibitory activity of the bromophenols and
related phenolic compounds against prokaryotic Leuconostoc mesenteroides and

eukaryotic Saccharomyces cerevisiae G6PDs.

2. Materials and Methods

2.1. General

Leuconostoc mesenteroides G6PD (EC 1.1.1.49) (LmG6PD) and Saccharomyces
cerevisiae G6PD (ScG6PD) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). WST-1 and 1-methoxy-5-methylphenazium methylsulfate (1-methoxy PMS)
were from Dojindo Laboratories (Mashiki, Kumamoto, Japan). Oxidized nicotinamide
adenine dinucleotide phosphate (NADP") was from Oriental Yeast Industries (Tokyo,
Japan). Glucose 6-phosphate (G6P) and compounds 12-15 and 20 were purchased from
Wako Pure Chemicals (Tokyo, Japan). Epigallocatechin gallate was from Cayman
Chemical Company (Ann Arbor, MI, USA). Compounds 16-19, and 21-26 were from
Tokyo Chemical Industry (Tokyo, Japan). Compound 27 was from Avanti Polar Lipids,
Inc. (Alabaster, USA). Column chromatography was performed with silica gel
(Wakogel C-100, Wako Pure Chemicals, Osaka, Japan), reversed phase (RP) silica gel
(Cosmosil 140C.5-OPN, Nacalai Tesque, Kyoto, Japan), or Sephadex LH-20 (GE

Healthcare Bio-Sciences AB, Uppsala, Sweden). Thin layer chromatography (TLC)
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was done using a glass plate precoated with silica gel 60 Fys, and RP-18 (Merck,
Darmstadt, Germany), and spots were detected under UV light and visualized by
spraying both 5% sulfuric acid and 1% potassium ferricyanide-1% ferric chloride
reagents. High performance liquid chromatography (HPLC) was carried out using
SHIMADZU LC-10ATyp apparatus (Kyoto, Japan) equipped with a diode array
detector SHIMADZU SPD-M10Avr and an RP HPLC column (Mightysil RP18,
Kanto Chemical, Co., Inc., Tokyo, Japan). NMR spectra were recorded in acetone-dg
on a Bruker AMX-500 (Karlsruhe, Germany) spectrometer at 500 MHz for proton and
125 MHz for carbon chemical shifts. Field desorption-MS (FD-MS) spectra were

recorded on a JEOL JMS-T100GCV spectrometer (Tokyo, Japan).

2.2. Algal materials

The algae Odonthalia corymbifera, Neorhodomela aculeata and Symphyocladia
latiuscula were collected at Hakodate in Japan in 2012 and 2013. They were identified
by Prof. Hajime Yasui, Faculty of Fisheries Sciences, Hokkaido University. Algal
samples were immediately brought to our laboratory. Voucher specimens of algae are

deposited in our laboratory.

2.3. Extraction and isolation of algal bromophenols

2.3.1. Extraction

Collected algae were washed with tap water, cut into small pieces, and then

extracted with methanol for 2 or 3 days. Methanol was evaporated under reduced

5
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pressure with rotary evaporator (<35°C). Residues were suspended in water and
partitioned with n-hexane and then ethyl acetate. Bromophenols were separated into
ethyl acetate-soluble fraction. Additionally, N. aculeate was also extracted with acetone.

The extract was separated into ethyl acetate-soluble fraction in the same way.

2.3.2. Isolation from the methanol extract of N. aculeate

The ethyl acetate-soluble fraction (9.549 g) from the methanol extract of N.
aculeate (1740 g, air-dried algal weight, ADAW) was chromatographed on silica gel to
yield seven fractions. Fraction 4 (1.304 g) eluted with toluene/ethyl acetate (6:4, v/v)
was further purified using RP column chromatography eluted with 70% aqueous
methanol. Final purification was performed by RP HPLC eluted with 70% aqueous
methanol containing 0.1% formic acid to obtain compounds 11 (112 mg, 0.00701% of
ADAW) and 7 (8.7 mg, 0.00050% of ADAW). Fraction 5 (1945 mg) eluted with
toluene/ethyl acetate (2:8, v/v) was further purified using RP column chromatography
eluted with 40% aqueous methanol and preparative TLC developed with toluene/ethyl
acetate/acetic acid (2:1:1, v/v/v). A part of this fraction (70 mg) was finally purified by
RP HPLC eluted with 40% aqueous methanol containing 0.1% formic acid to give

compound 1 (17.9 mg, 0.00897% of ADAW).

2.3.3. Isolation from the acetone extract of N. aculeate

The ethyl acetate-soluble fraction (5.547 g) from the acetone extract of N.
aculeata (2580 g, ADAW) was chromatographed on silica gel to yield eight fractions.

Fraction 3 (409 mg) eluted with toluene/ethyl acetate (8:2, v/v) was purified by RP
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column chromatography eluted with 50% aqueous acetone to obtain compound 4 (76
mg, 0.029% of ADAW). Fraction 4 (137 mg) eluted with toluene/ethyl acetate (6:4, v/v)
was purified by RP column chromatography eluted with 30% aqueous methanol to give

compound 5 (26 mg, 0.010% of ADAW).

2.3.4. Isolation from the methanol extract of O. corymbifera

The ethyl acetate-soluble fraction (9.992 g) from the methanol extract of O.
corymbifera (630 g, ADAW) was chromatographed on silica gel to yield six fractions.
Fraction 3 eluted with toluene/ethyl acetate (8:2, v/v) was further purified using RP
column chromatography eluted with 60% aqueous methanol to obtain compounds 2
(1994 mg, 0.3165% of ADAW) and 3 (49 mg, 0.078% of ADAW). Compounds 8 and 10

were isolated according to the method of previous report [29].

2.3.5. Isolation from the methanol extract of S. latiuscula

The ethyl acetate-soluble fraction (2.188 g) from the methanol extract of S.
latiuscula (552 g, ADAW) was chromatographed on silica gel to yield eight fractions.
Fraction 2 (516 mg) eluted with toluene/ethyl acetate (9:1, v/v) was further purified
using RP column chromatography eluted with 50% aqueous acetone and preparative
silica gel TLC developed with toluene/ethyl acetate/acetic acid (6:3:1, v/v/v). Final
purification was done by RP HPLC to give compound 6 (6.1 mg, 0.0011% of ADAW)
eluted with 70% aqueous methanol. Fraction 4 (797 mg) eluted with toluene/ethyl
acetate (6:4, v/v) was purified using RP column chromatography eluted with 60%

aqueous methanol to afford the fraction which contains bromophenols (343 mg). The
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fraction was further purified by Sephadex LH-20 column chromatography eluted with
methanol to give a bromophenol fraction (242 mg). Final purification was done by RP
HPLC eluted with 85% aqueous methanol to obtain compound 9 (36 mg, 0.0058% of

ADAW).

2.4. Spectral data for novel compound 3

Compound 3: NMR &y 7.08 (1H, s, H-6), 4.43 (1H, s, H-7), 3.51 (2H, t, J = 6.4 Hz,
H-1%), 1.57 (2H, tt, J = 7.4, 6.4 Hz, H-2’), 1.41 (2H, sextet, J = 7.4 Hz, H-3"), 0.91 (3H,
t, J = 7.4 Hz, H-4"); 8¢ 131.9 (C-1), 114.3 (C-2), 113.6 (C-3), 144.3 or 145.5 (C-4),
144.3 or 145.5 (C-5), 115.3 (C-6), 73.3 (C-7 ), 70.9 (C-1°), 32.6 (C-27), 20.0 (C-3’),
14.1 (C-4’); FD-MS (relative intensity) m/z 352 [M]" (52), 354 [M+2]" (100), 356
[M+4]" (50); HR-FD-MS m/z 351.95049 [M]" (calculated 351.94966 for

C12H1602798r2).

2.5. G6PD inhibitory assay

LmG6PD inhibitory assay was carried out according to the method of Mikami et al.
[29]. In brief, reaction mixture consisted of 1 M Tris-HCI buffer (pH 7.8, 22 puL)
containing 20 mM MgCl,, 30 mM G6P (20 uL), 10 mM NADP" (6 uL), distilled water
(132 pL) and test material (2 pL) dissolved in dimethyl sulfoxide (DMSO). Enzyme
reaction was initiated by adding 0.035 U/mL G6PD solution (20 pL) to the reaction
mixture, and incubated at 25°C for 20 min. To terminate the enzyme reaction, saturated
NaCl aqueous solution (1 mL) containing WST-1 (10 pg) and 1-methoxy PMS (10 ng)

was added into the reaction mixture. The absorbance of resulting solution was measured
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at 438 nm. ScG6PD assay was carried out according to the slightly modified method of
Shin et al. [16]. Reaction mixture consisted of 1 M Tris-HCI buffer (pH 7.5, 25 uL)
containing 1.5 M NaCl and 60 mM MgCl,, 30 mM G6P (16.7 uL), 10 mM NADP" (25
ulL), distilled water (130.8 pL) and test materials (2.5 uL) dissolved in DMSO. Enzyme
reaction was initiated by adding 0.020 U/mL G6PD solution (50 pL) to the reaction
mixture, and incubated at 30°C for 15 min. To terminate the enzyme reaction, saturated
NaCl aqueous solution (1 mL) containing WST-1 (10 pg) and 1-methoxy PMS (10 ng)
was added into the reaction mixture and the absorbance of resulting solution was

measured at 438 nm.

3. Results and Discussion

3.1. Structural determination of bromophenols

Compound 3 was isolated as yellow oil. It was confirmed to contain two bromine
atoms from the molecular ion cluster at m/z 352/354/356 (1:2:1). Molecular formula of
the compound was determined by HR-FD-MS analysis to be Ci,H150,°Brs.
The *H-NMR spectrum showed five aliphatic proton signals (54 4.43, 3.51, 1.57, 1.41,
0.91) and an aromatic proton signal (64 7.08). The COSY experiment (Fig. 2) revealed
the presence of O-n-butyl group via spin couplings of triplet methyl proton at H-1" to
triplet proton at H-4". The *C-NMR spectrum contained five aliphatic and six aromatic
carbon signals. In the HMBC experiment (Fig. 2), cross peaks were observed between
benzyl proton signal at H-7 and carbon signals at C-1, C-2 and C-6. Thus an aromatic

proton and a bromine atom were assigned to locate the ortho positions of the
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oxymethylene group in the benzyloxy structure. Cross peaks were observed between the
aromatic proton (H-6) and two oxygenated aromatic carbon signals (C-4, C-5).
Therefore, compound 3 was confirmed to have an ortho-diphenol moiety. Based on
these results, chemical structure of compound 3 was identified as n-butyl
2,3-dibromo-4,5-dihydroxy benzyl ether. This compound is a novel natural product like
the marine-derived n-butylated compounds [43, 44], because n-butanol was not used as
a solvent in the extraction and separation experiments. Structures of the other
bromophenols 1, 2, 4-11 were determined with comparison of literature data [28, 29,

45-47], as shown in Fig. 1.

3.2. G6PD-inhibitory activity of the algal bromophenols

ICso values of bromophenols 1-11 on G6PD activity are shown in Table 1. The
symmetric bromophenol dimers 8 and 9 of a dibenzyl ether type were potent inhibitors
against LmG6PD, while the symmetric bromophenol dimers 7, 10 and 11 of a
diarylmethane type were potent against SCG6PD. Both types are different distance and
orientation between two aromatic rings. This difference may be contributed to different
accessibility to active sites of both G6PDs. Such different inhibitory activities between
both types has been reported on aldose reductase inhibition [33]. The ICsy value of
compound 11 against ScG6PD was most different, about 160-fold, from that against
LmG6PD, among the bromophenols examined. Hence, this compound would be used as
a specific inhibitor for ScG6PD. In addition, bromophenol monomer 3 showed stronger
inhibitory activity against LmG6PD, while bromophenol monomers 1 and 2 against
ScG6PD. This reason is also speculated as the difference in recognition sites of

hydrophobic alkyl group of the side chain.
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Bromophenol dimers 7-11 showed stronger inhibition than bromophenol
monomers 1-3 and 6 against both LmG6PD and ScG6PD. In particular, symmetric
dimers 8 and 9 showed considerably lower ICs, values than the corresponding
monomers 2 and 6, respectively. The inhibition modes of bromophenol dimers 8 and 9
were similar to those of their corresponding monomers for yeast a-glucosidase
inhibition [28]. The inhibition modes of compounds 8 and 9 against G6PDs and
a-glucosidase might be similar because both enzymes are categorized to glucose-related

enzymes.

3.3. Inhibitory activity of related phenolic compounds

ICso values of related phenols 12-27 (Fig. 3) on G6PD activity are shown in Table
2. Compounds 13, 14, 22-24, 26 and 27 were moderate or weak inhibitors against both
G6PDs. Catechol (13), pyrogallol (14) and symmetric 3,4-dihydroxyphenylpropanoid
dimer 27 showed moderate G6PD inhibition, while phenol (12), phloroglucinol (15) and
symmetric p-hydroxyphenylpropanoid dimer 26 showed no or weak inhibition. Thus
ortho-diphenol moiety might be important for G6PD inhibition, like the previous report
on galloyl moiety for G6PD inhibition [16].

Symmetric chlorinated phenol dimers 22-24 inhibited G6PD activity, while
symmetric brominated phenol dimer 25 of a 2,2-diarylpropane type did not. Inhibition
of the symmetric dimers against G6PDs may require a “simple bridge” between two
aromatic rings rather than a “bulky bridge”.

Although 3,5-dibromo-4-hydroxybenzaldehyde inhibited LmG6PD activity
[29], the corresponding de-brominated 4-hydroxybenzaldehyde 20 did not inhibit GGPD

activities. In the case of 4-hydroxybenzaldehydes, substitution of bromine might be
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required to inhibit G6PD. On the other hand, halogenated phenol monomers 16-19
showed no inhibitory activity against both G6PD activities. The inhibitory activity of
phenolic compounds against G6PD might depend on the substitution of halogen and

other functional groups.

From the results in this study, G6PD inhibitor would require catechol or
pyrogallol moieties and substitution by several bromine atoms. Furthermore, symmetric
dimers of naturally occurring bromophenols enhance the inhibitory activity. It is unclear
that the reasons why these bromophenols show potent inhibitory activity. In this study,
naturally occurring bromophenols 7-11 purified from Rhodomelaceae algae showed
strong or moderate inhibition against LmG6PD and/or ScG6PD, while related phenolic
compounds 12-27 did no or weak inhibition. Based on these results, Rhodomelaceae
algae are expected to be useful sources of G6PD inhibitors. Further investigation should
be carried out to elucidate inhibition mechanisms using algal bromophenols and

bromophenol analogs.

4. Conclusion

A novel bromophenol, n-butyl 2,3-dibromo-4,5-dihydroxybenzyl ether was
isolated from Rhodomelaceae algae along with known bromophenols. In addition, the
inhibitory activity of algal bromophenols were determined against prokaryotic G6PD
(LmG6PD) and eukaryotic G6PD (ScG6PD). The symmetric bromophenol dimers of a
dibenzyl ether type were potent inhibitors against LmG6PD, while the symmetric
bromophenol dimers of a diarylmethane type were potent against ScG6PD. Compound

11 might be used as a specific inhibitor against SCG6PD because its ICsy values against
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both G6PDs were considerably different.
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Table 1

ICso

values of algal

bromophenols against

Leuconostoc mesenteroides

Saccharomyces cerevisiae glucose 6-phosphate dehydrogenases.

and

ICs0° (M)
Compound
LmG6PD" ScG6PD°
1 218+5.0 40.4+8.1
2 >1000 572+3
3 321+18 >1000
4 >1000 >1000
5 >1000 50.2+6.0%
6 289+32 401+89
7 4.54+0.82 0.47+0.03
8 0.85+0.10" 3.23+0.05
9 0.97+0.10 0.95+0.04
10 4.01+0.30 0.39+0.23
11 86.1+5.0 0.53+0.18
Epigallocatechin gallate 7.70+0.14¢ 2.55+0.14

® Mean + SD (n = 3). Inhibition assay was carried out at the substrate G6P and NADP*

concentrations of 3.0 and 0.3 mM for LmG6PD, and 2.0 and 1.0 mM ScG6PD,

respectively;

dehydrogenase; °Saccharomyces cerevisiae glucose 6-phosphate dehydrogenase;

b euconostoc

Literature data [29].

mesenteroides
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500 Table 2

501 ICso values of phenolic compounds against Leuconostoc mesenteroides and
502  Saccharomyces cerevisiae glucose 6-phosphate dehydrogenases.
ICs0” (uM)
Compound

LmG6PD" ScG6PD°
12 >1000 >1000
13 282+24 354+52
14 159+1.1 12.4+0.4
15 >1000 >1000
16 >1000 >1000
17 >1000 >1000
18 >1000 >1000
19 >1000 >1000
20 >1000 >1000
21 >1000 >1000
22 282122 12244
23 39.2+2.1 4.18+0.42
24 136+2.1 13.7+t34
25 >1000 20034
26 67835 154+15
27 40.4+9.0 14.8+0.1

503  # Mean + SD (n = 3). Inhibition assay was carried out at the substrate G6P and NADP*
504  concentrations of 3.0 and 0.3 mM for LmG6PD, and 2.0 and 1.0 mM ScG6PD,

505  respectively; ®LLeuconostoc mesenteroides glucose 6-phosphate

506  dehydrogenase; ‘Saccharomyces cerevisiae glucose 6-phosphate dehydrogenase.
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Figure captions

Fig. 1. The structures of algal bromophenols.

Fig. 2. *H-'H COSY and HMBC correlations of compound 3.

'H-'H COSY and HMBC correlations are indicated as dashed line arrows and solid

half-headed arrows, respectively.

Fig. 3. Phenolic compounds used for G6PD inhibitory assays.
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Fig. 2. *H-'H COSY and HMBC correlations of compound 3.
'H-'H COSY and HMBC correlations are indicated as dashed line arrows and solid
half-headed arrows, respectively.



12
13
14
15
16
17
18
19
20

OH

OH
R5 Rl
A (O~
3 HO
R;=Ry=R3=R,=Rs=H 21

R,=0H, RZ:R3:R4:R5:H

R1:R2:OH’ R3:R4:R5:H

R;=R;=Rs=H, R,=R,=OH H
|

OH o)
R1=R3:BI’, R2=R4=R5=H R X R
R;=R3=Rs=Br, R,=R,=H
R;=R3=Cl, Ry=R;=Rs=H
R;=R3=Rs=Cl, R;=R,=H | C

R,=OCHj3, R,=R,=Rs=H, R;=CHO

22 R=H, X=CH,
23 R=Cl, X=CH,
24 R=Cl, X=S

OH

l OH

Fig. 3. Phenolic compounds used for G6PD inhibitory assays.



	Kurihara-G6PDsubmrev1-1
	Kurihara-FigFile

